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cidation of  protein-protein interaction networks and signalling 
pathways, (iii) metabolic flux analysis and metabolite identifi-
cation, (iv) phenotypic microarray analysis, and (iv) the charac-
terization of  mutants generated by high-throughput gene de-
letion strategies, will advance the field of  fungal physiology in 
future.
The Application of  Massively Parallel Sequencing Technolo-
gies to Fungal Physiology
Growth and development of  fungi, including processes re-
quired for virulence, are regulated by signalling pathways that 
are often conserved between species (Harris et al., 2009; Ris-
pail et al., 2009). The comparison of  annotated genomes from 
many related species can highlight common core components 
of  these signalling cascades, while global analyses of  changes 
in gene expression under different environmental conditions 
and developmental stages can be used to identify downstream 
targets. However, comparative genomic studies of  fungi are 
currently somewhat limited, due to the relative paucity of  well-
annotated fungal genomes and the large proportion of  genes 
in fungi with no known function (Cornell et al., 2007; Soanes 
et al., 2007). Benefiting from advances in next-generation se-
quencing, this situation is likely to change with the routine use 
of  affordable, massively parallel sequencing platforms such as 
the 454 from Roche, the Applied Biosystems SOLiD and the 
Illumina GA2. These instruments were designed to sequence 
genomes very rapidly, at a fraction of  the cost associated with 
traditional Sanger sequencing methods. The 454 technology 
produces long and accurate reads of  up to 500 bp, enabling 
rapid de novo assembly of  unknown fungal genomes, while Il-
lumina sequencing produces shorter reads (up to 70 bp), that 
normally require comparison to a reference genome to pro-
vide high-quality assemblies. The use of  paired-end reads on 
Introduction
While some fungi are beneficial to humankind, for instance 
in the production of  antibiotics, food and beverages, many in-
teractions between human populations and fungi have seri-
ous and negative socio-economic outcomes. Crop losses from 
plant-pathogenic fungi can, for example, be catastrophic: blast, 
wilt and rust fungal diseases all significantly impact upon yield, 
and their control is a significant component of  the costs in-
curred by farmers (Zeigler et al., 1994; Wilson & Talbot, 2009; 
Desjardins, 2003; Staples, 2000). Contamination of  food and 
feed with mycotoxins – particularly the carcinogen aflatoxin 
– also has far-reaching health implications (Calvo et al., 2002). 
More ominously, in recent years, fungi have emerged as direct 
threats to human health. The rise in the number of  immu-
nocompromised patients in hospitals, due to use of  immuno-
suppressive therapies and the increased prevalence of  autoim-
mune disorders, has seen a concomitant rise in fatal fungal in-
fections of  humans (Hedayati et al., 2007), while other fungal 
species can cause deep-seated mycoses even in immunocom-
petent hosts. Therefore, the study of  fungi and how they re-
spond to their environment to cause disease will likely increase 
in importance in the future.
How will developments in systems biology – which aims to 
develop predictive models of  how cellular processes operate 
within cells and whole organisms – facilitate such investiga-
tions? It is our view that the ability to generate and mine large-
scale datasets of  biological molecules and their interactions, 
coupled with recent advances in high-throughput gene func-
tional analysis and cell biology, will have a profound affect on 
our understanding of  the emergent properties of  the fungal 
cells that condition infection-related development and patho-
genesis. In this perspective, we will discuss how advances in (i) 
rapid genomic and transcriptomic analysis, (ii) large-scale elu-
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The study of  fungal physiology is set to change dramatically in the next few years as highly scalable technologies are deployed 
allowing accurate measurement and identification of  metabolites, proteins and transcripts within cells. The advent of  next-
generation DNA-sequencing technologies will also provide genome sequence information from large numbers of  industrially 
relevant and pathogenic fungal species, and allow comparative genome analysis between strains and populations of  fungi. 
When coupled with advances in gene functional analysis, protein-protein interaction studies, live cell imaging and mathematical 
modelling, this promises a step-change in our understanding of  how fungal cells operate as integrated dynamic living systems.
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synonymous substitutions in genes, the most highly polymor-
phic genes can be identified. These genes are ideal candidates 
for functional analysis, as they represent putative effectors that 
may be deployed to suppress host defences or bring about 
pathogen entry, but are targeted by the host and may there-
fore trigger cultivar-specific resistance in plants, or immune 
responses in human pathogens. This approach has proved 
very valuable in identifying effector genes in plant-pathogen-
ic oomycetes but has not yet been widely used in fungi (Win 
et al., 2006). A recent study has illustrated the power of  asso-
ciation genetics and genome analysis to detect virulence-asso-
ciated genes in the rice blast fungus Magnaporthe oryzae. Three 
novel effector-encoding genes were identified by screening for 
their presence/absence in a large collection of  strains of  the 
fungus, which showed a spectrum of  resistance and suscepti-
bility on diverse rice cultivars. The presence of  each M. oryz-
ae effector was associated with the presence of  a cognate rice 
disease resistance gene, opening up the possibility of  investi-
gating the role of  these effectors in plant defence suppression 
and how they are recognized by the products of  these resis-
tance genes (Yoshida et al., 2009). Other exciting applications 
of  next-generation sequencing will include comparing the ge-
nomes of  virulent and non-virulent isolates of  the same spe-
cies, comparing the genomes of  closely related pathogenic and 
saprotrophic fungal species, and comparing geographically di-
verse pathogen collections. In this way it should prove possible 
to identify pathways and gene families necessary for virulence, 
host range and pathogen fitness.
High-throughput sequencing will, however, also provide a 
means of  determining which genes are expressed during in-
fection-related development and pathogenesis. Both Illumi-
na and 454 sequencing can be adapted to analyse the tran-
scriptome of  any particular fungal species, providing informa-
tion on both the identity and abundance of  genes being tran-
scribed under a defined set of  conditions, and functional ge-
nomic information such as alternative splice sites. The relative-
ly low cost and high accuracy of  these platforms will ensure 
they are the procedures of  choice for transcript analysis in the 
near future, and will eventually render microarray analysis ob-
solete. As the large-scale and inexpensive analysis of  genom-
es and transcriptomes from many fungal species, under many 
different conditions, becomes routine, the functional genom-
ic comparison of  pathogenic and nonpathogenic fungi, lead-
ing to the identification of  novel virulence determinants, will 
be achieved with unparalleled detail. In addition, massively par-
allel sequencing will be applied to the discovery of  small RNAs 
(Ghildiyal & Zamore, 2009) and the role they play in fungal 
physiology, chromatin immuno-precipitation studies and the 
elucidation of  transcription regulatory networks in fungal de-
velopment (Mitchell et al., 2009), and the role of  epigenetic 
gene regulation in fungal development, physiology and viru-
lence via genome-wide methylation analysis as recently dem-
onstrated for plants (Corkus et al., 2008).
the Illumina and new chemistries to allow read length to be ex-
tended beyond 100 bp does, however, bring the realistic pros-
pect of  de novo sequencing of  fungal genomes on the Illumi-
na platform. Currently, a combination of  454/SOLiD and Il-
lumina sequencing approaches is providing a powerful means 
of  generating rapid and affordable fungal genome sequences, 
and we can expect the rate of  publication of  sequenced fun-
gal genomes, of  both new species and related isolates, to in-
crease dramatically in the next year. Even more rapid DNA se-
quencing technologies are also promised by a number of  com-
panies (for example, Pacific Biosciences and their single-mole-
cule real-time detection technology), promising ever faster and 
cheaper means of  acquiring fungal genomic information.
We envisage that these new sequencing approaches will be 
key to identifying the core inventory of  genes in both free-
living and symbiotic fungal species, including pathogenicity-
associated gene functions in human and plant fungal patho-
gens and the diverse set of  genes encoding enzymes involved 
in secondary metabolic pathways (as demonstrated by Yadav 
et al., 2009), all of  which are likely to be highly diverse in fun-
gi. Moreover, the identification of  effector-encoding genes is 
likely to be a priority in the study of  pathogenic fungal spe-
cies. In bacterial pathogens, the identification of  the type III 
secretion system was fundamental to the discovery of  effector 
proteins in both human and plant pathogens (Galán & Wolf-
Watz, 2006). Bacterial type III effectors are delivered into host 
cells, where they suppress innate immunity responses, perturb 
cell signalling and condition intracellular colonization of  tis-
sues by some human-pathogenic bacteria. They are often char-
acterized by mimicry of  eukaryotic cell signalling proteins, in-
cluding guanine nucleotide exchange factors, and GTPase-ac-
tivating proteins. How pathogenic fungi deliver proteins into 
the cytoplasm of  their hosts is not known and it is also unclear 
whether they also utilize specialized secretory pathways dur-
ing pathogenic interactions. Comparative genomics and func-
tional studies promise to allow identification of  novel mecha-
nisms of  protein delivery, if  they exist in fungi, and also to de-
termine whether fungal pathogens deploy large numbers of  ef-
fector proteins during infections. Interestingly, the oomycetes, 
which cause important plant diseases and are filamentous os-
motrophic eukaryotes closely resembling fungi, secrete effec-
tor proteins into host plant cells and utilize a mechanism that 
appears to be conserved in the malaria pathogen of  humans 
(Whisson et al., 2007).
Comparing the genomes of  clinical or plant-pathogenic 
strains of  a particular fungal species using next-generation se-
quencing technology can also allow the use of  an evolution-
ary approach to study gene function. By identifying the most 
polymorphic genes within a genome, for instance, focusing 
particularly on those encoding secreted proteins that are ex-
pressed during pathogenesis, genes can be identified that are 
evolving rapidly in order to escape detection by host defenc-
es. By analysing the relative frequency of  non-synonymous and
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While this assay is typically only used for binary analysis, and 
does not occur in physiologically relevant environments, it has 
the potential, unlike pull-down methods, to be massively scal-
able. Using vectors – such as the Gateway system – and yeast 
host strains of  different mating types, libraries of  yeast strains 
can be constructed that carry either all the genes of  a partic-
ular fungus as bait, or all the genes of  a particular fungus as 
prey. Mating the two libraries together and selecting for colony 
growth on medium that is not permissible to either host strain 
but is permissible when prey and bait interact will be a power-
ful tool for understanding the full range of  protein-protein in-
teractions in fungi.
A combination of  both binary and pull-down approaches will 
provide unprecedented information on the interactions that 
occur between proteins in the cell. Making sense of  those in-
teractions requires bioinformatic resources and software de-
velopments that model the protein interaction data into ex-
perimentally testable cellular networks and protein signalling 
pathways. Such resources will lead to detailed models of  fun-
gal proteomes and how they change during different stages of  
development and in response to different environmental con-
ditions and will reveal, for example, novel targets for drug de-
velopment. In addition, information about how proteins inter-
act with DNA (using chromatin immunoprecipitation, protein 
binding arrays and yeast one-hybrid assays) and cellular metab-
olites (using gas chromatography coupled to mass spectrom-
etry) will be integrated with genomic, transcriptomic and pro-
teomic data to provide a rich description of  the dynamics of  
fungal cellular function at the molecular level.
Analysis of  the Fungal Metabolome
Changes in transcription and, consequently, cellular pro-
tein abundance and composition inevitably result in metabol-
ic changes within the cell. Biochemical pathways and the me-
tabolites that flow through them produce specific chemical fin-
gerprints representing the summation of  cellular processes, in-
cluding gene transcription levels and protein-protein interac-
tions, at a given time and under given conditions. By extension, 
changes in the metabolic profile of  a cell can be indicative of  
a cellular response to different biological stimuli. Advances in 
the quantification and identification of  metabolites, and in the 
tools to interpret the resulting dataset, have led to the develop-
ment of  two similar fields of  study devoted to relating chemi-
cal fingerprints to biological processes: metabonomics, which 
measures the global metabolic response of  complex multicel-
lular systems to different stimuli through time, and metabolo-
mics, which aims to identify and quantify the total set of  me-
tabolites in a cell sample. The two terms are used interchange-
ably (Nicholson & Lindon, 2008). Using NMR spectrosco-
py and GC-mass spectrometry for metabolite identification, 
these approaches provide an integrated view of  the biochem-
istry of  a cell. While these approaches have been used exten-
sively in the medical field, for instance in the correlation of  
metabolites with disease states (for examples, see Nicholson & 
Analysis of  the Fungal Proteome
In systems biology, comparative genome analysis and func-
tional genomics provide information on only a subset of  the 
interactions that are occurring during growth and develop-
ment in a living cell. In a hierarchy of  interactions, the next 
level of  complexity arises from the behaviour of  the proteins 
that result from expression of  each gene in the transcriptome. 
This layer of  the interactome is being understood through the 
mathematical modelling of  how proteins in the cell interact 
to form signalling pathways and networks. In turn, the data 
for such mathematical modelling are being generated by large-
scale protein- protein interaction studies which, while current-
ly focused almost exclusively on the yeast interactome (Yu et 
al., 2008) and other higher eukaryotes such as Caenorhabditis el-
egans (Li et al., 2004), will be applied to more fungi as the tech-
niques involved become more widely adopted. Two general 
high-throughput approaches are currently used to study how 
proteins in the cell interact: determination of  interacting pro-
tein partners following the purification from a cell extract of  
a known protein (the pull-down approach: Einarson, 2001); 
and yeast two-hybrid assays involving reporter gene expression 
(the binary approach: Fields & Song, 1989).
Affinity-purification chromatography coupled to mass spec-
trometry enables proteins that are tagged with one or more af-
finity labels to be purified from cell extracts on a chromatog-
raphy column specific for that label. Following elution from 
the affinity column, mass spectrometry is then used to identify 
the interacting partners of  the protein that are co-eluted from 
the column. Similarly, proteins tagged with an antibody recog-
nition epitope can be precipitated from a mixture of  proteins 
in cell extracts using antibodies specific for the epitope tag. In-
teracting protein partners of  the tagged protein will be co-pre-
cipitated and isolated from the cellular milieu for further analy-
sis. This method is known as co-immunoprecipitation (Co-IP). 
Both methods have benefited from advances in the instrumen-
tation used to analyse the purified protein complex. Peptides 
are first ionized by matrix-assisted laser desorption ionization 
(MALDI) and analysed on orthogonal time-of-flight (QTOF) 
instruments. The sensitivity of  current MALDI-TOF systems 
ensures the accurate identification of  interacting protein part-
ners even if  the purification method (affinity column or Co-
IP) results in substantial loss of  weakly interacting complexes. 
Furthermore, complexes containing more than two proteins 
can be identified in a physiological setting. This differs from 
the binary analysis of  protein interactions, where (typically) 
two proteins are expressed in an artificial yeast host. In this as-
say, genes encoding two proteins of  interest are expressed in a 
yeast host strain. One of  the proteins (the bait) is fused to the 
DNA-binding domain of  the yeast GAL4 protein, while the 
other (the prey) is fused to the activation domain of  GAL4. If  
the two non-yeast bait and prey proteins physically interact, the 
DNA-binding and activation domains of  GAL4 are brought 
into proximity at the GAL4 cognate receptor site, resulting in 
the transcription of  a GAL4-dependent yeast reporter gene. 
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mutations in regulatory genes on fungal physiology is there-
fore an attractive prospect for fungal research and will reveal 
the summation of  gene expression, protein interaction and 
biochemical changes that accompany genetic and physiological 
perturbations of  fungi. Tanzer et al. (2003) overcame the diffi-
culties of  using filamentous fungi compared to unicellular or-
ganisms in phenotypic microarrays. They used high-through-
put microtitre-plate-based nutrient utilization assays in the fol-
lowing diverse applications: to perform global analyses of  ni-
trogen source utilization in A. nidulans wild-type and a series 
of  strains containing mutations in the areA gene; to compare 
nutrient utilization in two fungal species in the presence of  
the glutamine synthetase inhibitor glufosinate; and to compare 
carbon catabolite repression characteristics in four filamen-
tous fungal species, including a human pathogen and two plant 
pathogens, based on resistance to allyl alcohol. These experi-
ments demonstrated the utility of  high-throughput phenotype 
microarray analysis, chemical characterization and gene func-
tion determination in filamentous fungi, and we can expect 
such approaches to be used to determine the physiological ef-
fect of  other regulatory mutations, such as those affecting pacC 
and creA homologues. In addition, phenotype microarrays can 
be used to characterize mutations in genes that integrate mul-
tiple regulatory pathways. The TPS1 gene of  M. oryzae, encod-
ing trehalose-6-phosphate synthase, is one such gene, which 
is required for integrating carbon and nitrogen metabolism 
through the control of  NADPH levels in response to glucose 
6-phosphate (Wilson et al., 2007). This integration is crucial 
for the fungus to cause rice blast disease, and a full phenotyp-
ic characterization of  TPS1 will be needed to understand how 
this fungus causes disease.
High-Throughput Techniques for Large-Scale Functional Ge-
nomic Analyses of  Fungi
Systems-level approaches to understanding the complex inter-
actions that underlie cellular function will require experimen-
tal validation of  the role of  signalling pathways and effectors 
in fungal physiology, and the characterization of  fungal genes 
likely to be involved in undesirable functions such as those re-
lated to human or plant pathogenesis. The wealth of  data gen-
erated by the approaches described above necessitates the de-
velopment of  high-throughput gene disruption protocols and 
other strategies to rapidly delineate the function of  the vast 
number of  genes implicated in the cellular networks. In fungi, 
traditional methods of  gene functional analysis involving sin-
gle gene replacement, protein localization studies and pheno-
type screening are already being replaced by high-throughput 
methodologies. For example, rapid targeted gene replacement 
of  single genes can now utilize double-jointed PCR combined 
with recipient strains lacking components of  the non-homol-
ogous DNA end-joining pathway, Ku70 and Ku80 (Kershaw 
& Talbot, 2009; Villalba et al., 2008), thereby simultaneously 
Lindon, 2008), few uses of  these technologies have yet been 
recorded in fungi. However, two recent publications demon-
strate the potential of  metabolomics for fungal research. In the 
rice blast fungus M. oryzae, chemical fingerprinting has dem-
onstrated how metabolite profiles change during infection of  
host tissue (Parker et al., 2009). This work showed how malate 
and polyamines accumulated in plant cells rather than being 
used to generate defensive reactive oxygen species, and how 
the conversion of  photoassimilate into mannitol and glycer-
ol for carbon sequestration appeared to drive hyphal growth. 
Taken together, the results revealed how the fungus dynamical-
ly reprograms host metabolism during plant infection, both to 
suppress the host defence response to invasion and to direct 
plant metabolism for nutrient acquisition. In the soil sapro-
phyte Aspergillus nidulans, recent chemical profiling of  mutants 
of  Cc1A, a Bre2 orthologue involved in histone H3 lysine-4 
methylation, has demonstrated the production of  novel sec-
ondary metabolites in these strains that are not synthesized by 
the wild-type (Bok et al., 2009). Inactivating Cc1A was shown 
to alter the chromatin landscape through disruption of  lysine 
methylation and resulted in the expression of  cryptic second-
ary metabolite clusters, genes encoding the enzymes for sec-
ondary metabolite production that are usually silent. In con-
sequence, HPLC profiles and NMR analysis identified six new 
secondary metabolites produced by the Cc1A loss-of-function 
mutant strains, including Emodin, a compound not previous-
ly detected in A. nidulans and known to have many beneficial 
properties including antimutagenic, anti-tumor and immuno-
suppressive activities. In the future, such metabolite analysis 
coupled to genetic manipulations will be essential tools in the 
discovery of  new and beneficial natural products.
Phenotype Microarray Development for High-Throughput 
Gene Functional Analysis of  Fungi
One strength of  fungal research lies in the ease with which 
some fungi can be genetically manipulated. Targeted approach-
es, using forward and reverse genetic selections, have led to a 
deep understanding of  both the structural genes that under-
pin cellular processes, and the regulators that control their ex-
pression. How will a systems biology approach to fungal re-
search drive future developments in our understanding of  the 
regulatory networks that control gene expression in response 
to changes in, for example, ambient pH, nitrogen source uti-
lization and carbon availability? Such changes, and mutations 
in the genes that regulate gene expression in response to these 
changes (for example pacC, areA and creA), result in altered 
gene expression patterns, protein-protein interactions and me-
tabolite production which can be measured by the platforms 
described above. In contrast, phenotypic analysis reveals the 
effect of  the genetic mutation or growth condition change 
at the physiological level. The development of  high-through-
put phenotype microarrays for rapidly assessing the effects of  
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eliminating time-consuming disruption vector construction – 
with its associated and cumbersome cloning and ligation steps 
– and the need to screen large numbers of  transformants to 
identify progeny carrying homologous replacements at the loci 
of  interest. Beyond single-gene analysis, RNA interference-
mediated gene silencing technologies are being developed for 
the rapid functional analysis of  many genes: for instance the si-
lencing of  all genes involved in a particular pathway, or the si-
lencing of  all members of  a multigene family (Nguyen et al., 
2008). In other developments, the traditional two-step forward 
genetics screen for identifying novel gene functions – where-
by mutations in unknown genes are generated by mutagenesis 
followed by selection, and the unknown gene is identified by 
complementation with a genomic library – is being replaced 
by single-step gene tagging analyses. Using either agrobacteri-
um-or transposon-mediated transformation of  fungal strains 
(Tucker & Orbach, 2007; Brown & Holden, 1998), gene dis-
ruptions can be first selected following the classical method, 
and then immediately identified using the genetic tag intro-
duced by these methods.
For protein localization studies, Gateway vectors (Zhu et al., 
2009) can be used to tag proteins with fluorescently labelled 
markers such as GFP, or alternatively, GFP fusion proteins can 
be obtained directly by overlapping PCR using PCR products 
of  the genes of  interest combined with the GFP PCR product. 
In addition, advances in live-cell imaging can localize the GFP-
tagged proteins with unprecedented precision.
Finally, high-throughput phenotypic analysis of  mutants gen-
erated in the large-scale gene disruption studies will be neces-
sary. These will include comprehensive nutritional profiling of  
mutant strains in 96- or 384-well formats, as discussed above, 
and the large-scale analysis of  perturbations to biochemical 
pathways through the measurement, in 96well format, of  en-
zyme activities in these mutant strains.
Taken together, we can expect systems biology coupled with 
high-throughput gene disruption strategies to result in great 
advances in the identification and characterization of  the fun-
damental cellular processes and networks that govern fungal 
physiology. This will enable us to better enhance desirable fun-
gal traits – such as the production of  beneficial secondary me-
tabolites to combat disease – while developing strategies to 
mitigate the undesirable fungal attributes related to human and 
plant disease that are currently impacting human societies.
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